In the search for functional relationships between genotypes and phenotypes, there are two possible findings. A phenotype may be heritable when it depends on a reduced set of genetic markers. Or it may be predictable from a wide genomic description. The distinction between these two kinds of functional relationships is very important since the computational tools used to find them are quite different. In this paper we present a general framework to deal with phenotypes and genotypes, and we study the case of the height of barley plants: a predictable phenotype whose heritability is quite reduced.
Introduction
There is an increasing number of applications in which genomic information (genotypes) is functionally related to observable characteristics (phenotypes). The applications include the study of risks of human diseases and the improvement in food production.
When we look for such relationship there are two possible positive outputs. First, we can find that there is a small set (usually a singleton) of genetic markers (the smallest part of genotype descriptions) whose presence implies a disease or a useful property of food, in other words, a phenotype. In these cases, the phenotype is a hereditary characteristic. The piece of genome that contains the marker, according to Mendel's Laws, is transmitted from parent organisms to their children.
On the other hand, there is a second kind of genothype/phenotype relation. The phenotypes may be predicted from a genetic description of individuals. Predictions may have different degrees. For instance, heritable phenotypes are trivially predicted. But the opposite is not always true. In fact, if predictions are established from a high number of markers, the probability of transmitting a phenotype may be low: not all relevant markers are present in children if parents do not have two copies of all these markers (homozygotes).
The existence of predictable but not necessarily inheritable phenotypes is an interesting issue that has received little attention until a few years ago. From a biological point of view these phenotypes are complex traits driven by genetic markers which may be very distant one each other in the genome [1] .
The utility of such predictions has been documented in [2] . Thus, prediction is a computable way to assess the genetic risk of a disease in healthy individuals [3] . In livestock, it has been reported [4] that artificial selection on genetic values predicted from markers could substantially increase the rate of genetic gain in animals and plants. For instance, [5] details the benefits of artificial selection in beef cattle. The authors study the use of marker-assisted selection (MAS) by using estimates (predictions) of the effects of markers on commercial crossbred performance.
In this paper, we describe the difficulties to implement a prediction system in a context of food products. So, in the next section we review how to determine a phenotype in a food environment. In these circumstances, phenotype means assessment and usually this is done by human experts whose decisions are not always repeatable. Other times phenotypes are approximate estimations of a magnitude that may have environmental (not genetic) influences. In any case, the main characteristic of these assessments is the order. In other words, the absolute values of phenotypes are irrelevant, their utility is to compare different individuals.
In the last section, we present a set of experimental results conducted to illustrate the differences between predictions and inheritances. The experiments were carried out with a dataset of barley genotypes and phenotypes publicly available. In this section we shall propose a set of measurements to assess the goodness of predictions in this genetic context.
Phenotypes and Genotypes
Phenotypes are quantitative expressions of any genetic characteristic or trait. As was emphasized in the Introduction, these values have only a relative meaning. They are useful only if they can be employed to order samples according to a given trait. In this section we shall review two main kinds of phenotypes of food products: those that are given by assessments rated by experts or consumers, and those that are estimations inferred from a collection of measurements of some performance related to food quality or productivity.
On the other hand, genotypes are genetic descriptions of individuals. The final aim is to find a functional relationship between genotypes and phenotypes, if such relation exists.
Phenotypes as People's Assessments
Let us start with a typical assessment problem of food products. The paper [6] describes a methodology for establishing an objective measurement of mushroom quality. Four experts visually evaluated 300 mushrooms and graded them into three major and eight subclasses of commercial quality. Grader consistency was also assessed by repeated classification (four repetitions) of two 100-mushroom sets. Grader repeatability ranged from 6 to 15% misclassification.
To avoid these difficulties, a number of methods have been suggested [7] . The aim is to make as objective as possible the assessment. For this purpose, the best option is to rest on a computable formula that uses only a set of metric
